In this study, we for the first time came up with a facile approach to fabricate hierarchically porous nano-crystalline monolithic magnesium titanates (MgTi 2 O 5 /MgTiO 3 ) by impregnating magnesium chloride into hierarchically porous TiO 2 monolith in a solution containing urea followed by appropriate heat-treatment. The formation of porous MgTi 2 O 5 /MgTiO 3 monolithic materials took place by the solid-state reaction between original TiO 2 networks and precipitated MgCO 3 . The MgCO 3 is precipitated within the TiO 2 wet gel by the reaction between impregnated Mg 2+ and CO 2 , which is produced by hydrolysis and decarbonation of chelating agent in the TiO 2 wet gels and by the hydrolysis of urea at 60°C. The resultant porous magnesium titanates retained narrow macropore size distribution centered at the diameter ³1 µm. These porous monoliths produced by impregnation, a facile and the low-cost method, are expected to open various engineering applications owing to the low thermal expansion coefficients and high chemical and physical stabilities.
Introduction
With the rapid industrialization over the past few decades, porous ceramic materials have been of interest because of their superior properties, such as catalytic activity, and high temperature and mechanical stabilities. 1) Porous ceramics can be used as electrodes, catalysts and fluid-flow filters as well as being wellsuited candidates of diesel particulate filter (DPF) materials due to their low thermal expansion coefficients among oxides.
2)4)
Compounds with the pseudobrookite-type crystal structure have become of increasing interest after the low thermal expansion of aluminium titanate (Al 2 TiO 5 ) was reported in the literature. 5), 6) However, due to microcracks induced by the high anisotropy of the thermal expansion coefficients in different crystal axes, pure Al 2 TiO 5 possesses a relatively low mechanical strength and also tends to irreversibly decompose into Al 2 O 3 and TiO 2 at temperatures ranging from 800 to 1300°C. 7) 9) The use of Al 2 TiO 5 ceramics in diesel engine exhaust systems has been limited by the problem of thermal stress and thermal instability caused by the anisotropic thermal expansion between different materials. 7) In order to avoid this problem, one of the choices is to develop low or zero-level thermal expansion materials that can be used as a DPF materials without being affected by thermal shock at high temperature. For such applications, DPF materials must also have chemical inertness, thermal durability, high filtration efficiency, low pressure drop and high mechanical strength.
One of the main efforts is to prepare new hierarchically porous ceramics with a controlled pore size distribution and excellent high-temperature properties by using a low-cost and environmentally friendly processing. Taking into account inexpensiveness, safety and refractoriness, Mg-based composites are in accord with the above-mentioned criteria and can be another candidate for the third-generation DPF material. Magnesium titanate (MgTi 2 O 5 ) has a pseudobrookite-type crystal structure with low thermal expansion coefficients and higher thermal stability than Al 2 TiO 5 . 11),12) The composites were prepared by wet-ball milling of the MgCO 3 and TiO 2 mixed powders in ethanol in the presence of LiF as a mineraliser followed by moldpressing at 200 MPa and sintering in air at 10001200°C. The porosity of bulk sintered materials was controllable between 10 50% only by changing the sintering temperature with almost keeping the pore size. It was found that the MgTi 2 O 5 sintered at 1100°C with 42% porosity possesses the linear thermal expansion of 6.82 © 10 ¹6 /K at 1000°C. However, the pyrolytic reactive sintering process requires a high pressure and highenergy milling while the preparation of magnesium titanate phases at decreased sintering temperatures are still main problems to be solved.
In recent years, several low temperature syntheses of the hierarchically porous materials composed of titania and titaniabased mixed metal oxides have been reported. 13 ), 14) We reported preparation of hierarchically porous TiO 2 monoliths by the sol gel method with utilizing a chelating agent and mineral salt under a mild condition.
15) The high reactivity of titanium alkoxide is declined with the two additives and macropores are formed by phase separation (spinodal decomposition) in parallel with gelation in a controlled manner. It was also shown that ethyl acetoacetate, which works as a chelating agent, can be removed by hydrolysis and subsequent decarbonation (into acetone and CO 2 ) in water. More recently, we developed a facile way for the formation of hierarchically porous nanocrystalline Ca(Sr,Ba)-TiO 3 perovskite monoliths by impregnation of alkaline earth metal ions into the original hierarchically porous TiO 2 , followed by calcination. 16) Versatility of the impregnation process would open the way for the preparation of various mixed metal oxides starting from simple oxides such as tatinia, silica, and alumina.
In this study, we succeeded to fabricate new porous MgTi 2 O 5 / MgTiO 3 composites by the impregnation of magnesium ions into the hierarchically porous TiO 2 monolith and heat-treatment in air. We suggest that fine precipitates of magnesium carbonate (MgCO 3 ) are formed as a result of reaction between Mg 2+ ions and CO 2 , which is generated by decarbonation of the chelating agent and by hydrolysis of urea. Hydrolysis of urea also increases pH of the impregnating solution and further promotes the precipitation. The resultant magnesium carbonate/TiO 2 composite monolith is converted into MgTi 2 O 5 /MgTiO 3 composite monolith with hierarchical macro-and mesoporosity by calcination. The obtained monolithic ceramic composites have homogeneous structures and a narrow pore size distribution in the micrometer scale.
Experimental procedure 2.1 Preparation
The present preparation process consists of three steps: i) synthesis of hierarchically porous TiO 2 via solgel route utilizing chelating agent and mineral salt, ii) impregnation with magnesium chloride (MgCl 2 ·6H 2 O, Sigma-Aldrich Co., USA) solution (1 M) and iii) calcination in air.
The hierarchically porous TiO 2 was produced according to our previous report. 15) Briefly, titanium tetrapropoxide was hydrolysed and condensed in a controlled manner under the co-presence of the chelating agent, ethyl acetylacetonate (EtAcAc), and mineral salt, ammonium chloride. By employing poly(ethylene oxide), spinodal decomposition takes place in the course of gelation, resulting in macro/mesoporous titania monoliths. Impregnation into as-prepared titania monoliths was carried out with a desired amount of magnesium chloride/ alcohol-water solution in the presence of urea (Hayashi Pure Chemical Industry Co. Ltd.). The impregnation process was repeated eight times with changing the composition of the solvent from 100% alcohol to 100% water at 60°C. The concentrations of magnesium chloride (1 M) and urea (2 M) were kept constant in all steps. The resultant wet gels were dried at 40°C for 3 d. The dried gels were heat-treated at different temperatures in air with the heating rate of 100°C/h to the target temperature, and then kept at the temperature for 2 h.
Characterization
Crystal phases were determined by powder X-ray diffraction (XRD) with a RINT Ultima III diffractometer (Rigaku Corp., Akishima, Japan) using a Cu K¡ radiation ( = 0.154 nm) as an incident beam. Thermogravimetrydifferential thermal analysis (TGDTA) was performed on dried samples with Thermo plus TG 8120 (Rigaku Corp., Japan) at the heating rate of 5°C/min while continuously supplying air at the rate of 100 mL/min. Microstructure of the fractured surfaces of the samples were observed under a scanning electron microscope (SEM, JSM-6060S, JEOL Ltd., Akishima, Japan) and a field-emission SEM (FE-SEM, JSM-6700F, JEOL). A mercury porosimeter (Pore Master 60-GT, Quantachrome Instruments, USA) was used to characterize the macropores of the samples, while nitrogen adsorptiondesorption apparatus (Belsorp mini II, Bel Japan Inc., Japan) was employed to characterize the meso-and micropores of the samples. Before each nitrogen adsorptiondesorption measurement, the samples were degassed at 200°C under vacuum for more than 6 h. Specific surface area was calculated using the BrunauerEmmettTeller (BET) method. Pore size distributions were calculated using the BarrettJoynerHalenda (BJH) method from the adsorption branch. Helium pycnometry (Accupyc 1330, Micromeritics, USA) was employed to determine true density of the heat-treated samples. Bulk density of each sample was calculated from the mercury porosimetry. Porosity (%) of each sample was calculated as (1 ¹ [bulk density]/[skeletal density]) © 100.
Results and discussion
During the impregnation process, it is suggested that MgCO 3 is precipitated on the surface and inside of TiO 2 wet gel by the reaction of impregnated Mg 2+ with CO 2 , which is generated by hydrolysis and decarbonation of EtAcAc and hydrolysis of urea. In this case, two parallel reactions which generate CO 2 take place in the system; decomposition of EtAcAc and hydrolysis of urea. Scheme 1(i-1) represents the above-mentioned hydrolysis and decarbonation of EtAcAc. This reaction proceeds inside titania networks when contacted with water in the impregnating solution. Urea also undergoes the hydrolysis in the impregnating solution at 60°C as shown in Scheme 1(i-2) which raises solution pH. In the following reactions [Scheme 1(ii) and (iii)], magnesium ions react with generated CO 2 to form MgCO 3 , and heat-treatment of the resultant composite of MgCO 3 /TiO 2 allows the formation of magnesium titanates with hierarchical porous structure. Figure 1 shows XRD patterns for the samples heat-treated at different temperatures for 2 h. It can be clearly seen that only halo patterns are observed for the dried gel and no strong crystal peaks could be found for the sample heat-treated at 400°C, indicating amorphous structure of these materials. When the temperature was up to 500°C, the formation of intermediate 17) With the increase of calcination temperature, the peak intensities of MgTi 2 O 5 became stronger, and simultaneously the second phase, Scheme 1. Suggested formation mechanism of magnesium titanates via carbonates embedded in TiO 2 monoliths. The magnesium carbonate is formed through the reaction with CO 2 , which is generated by the decompositions of the chelating agent and urea. Urea also increases pH to promote the precipitation of MgCO 3 . The formation of crystalline phases in all the measured XRD patterns is strongly supported by TGDTA analysis on the dried gel. The thermal behaviours of dried TiO 2 gel impregnated with Mg 2+ are shown in Fig. 2 . The precursor gel exhibited two steps of weight losses at¯170 and 170250°C, which were assigned to evaporation of the water and solvent and decomposition of urea, 19) respectively. The TG curve shows that there is no weight change after the decomposition reaction until 500°C. Formation of magnesium titanates at the temperature range from 500 to 900°C is indicated by the hump in the DTA curve of the sample around 500°C, which shows the starting of crystallization process as shown in XRD patterns.
On the bases of the results of XRD patterns and TGDTA profile, it suggests the formation of MgTi 2 O 5 /MgTiO 3 composites through the reaction of MgCO 3 and TiO 2 , as typical for the solid-state reaction between MgO and TiO 2 , 20) which may be given as follows:
The reaction progresses in the skeletons of porous TiO 2 monoliths and almost the whole TiO 2 networks are transformed to MgTi 2 O 5 /MgTiO 3 through the diffusion of magnesium ions into the core of the TiO 2 networks. It is reasonable to suggest the MgTi 2 O 5 phase formed first at lower temperatures and the formation of MgTiO 3 phase occurred at higher temperatures. Details in this process are under investigation in our study in terms of the formation mechanism during calcination.
The SEM images of the TiO 2 monoliths embedded with Mg 2+ and the sample heat-treated at 900°C are shown in Fig. 3 . Both of the samples show similar co-continuous morphology with micrometer size and retain their macroporous structure after heattreatment. The surfaces of as-dried [ Fig. 3(a) ] and calcined [ Fig. 3(b) ] samples are relatively smooth compared with our previously-reported Ca(Ba)TiO 3 .
16) The crystallites in MgTi 2 O 5 / MgTiO 3 composites heat-treated at 700, 800 and 900°C was observed under FE-SEM (Fig. 4) . The crystallites in the skeletons become larger due to the growth of the magnesium titanates (pseudobrookite and ilmenite) crystals as shown in Figs. 4(a)4(c) . The larger crystal sizes caused a mesoporous structure inside the skeletons, whereas the surfaces of the skeletons remain smooth in the MgTi 2 O 5 /MgTiO 3 monoliths. Figure 5 shows pore size distributions determined by mercury porosimetry for the porous MgTi 2 O 5 /MgTiO 3 monoliths heattreated at different temperatures. All of the heat-treated porous MgTi 2 O 5 /MgTiO 3 monoliths have narrow pore size distributions with a mean size of ³1¯m. From these curves, we can confirm that upon heating at 900°C, the specific volume of macropores is slightly decreased by the increase of true density while preserving the sharp pore size distribution. Figure 6 shows the nitrogen adsorptiondesorption isotherms of the porous MgTi 2 O 5 /MgTiO 3 monoliths heat-treated at different temperatures. The BJH pore size distributions are shown in the inset of Fig. 6 . It can be confirmed that the surface area and pore volume drastically decrease on the more enhanced crystallization to large-grained matrix as shown in Table 1 . The growth of the crystals with an increasing heat-treatment temperature leads to an enlargement of the mean pore diameter. True densities of the samples calcined at 700 and 800°C are similar and is slightly increased at 900°C. As the heat-treatment temperature increases, bulk density also increases as a result of the decrease in porosity and increase in true density. Consequently, porosity can be controlled (³4155%) by changing the heat-treatment temperature, with keeping the macropore size close to 1¯m.
Conclusions
In the present study, preparation of a new porous MgTi 2 O 5 / MgTiO 3 composite by simple impregnation of magnesium ions into a hierarchically porous TiO 2 monolith and subsequent heattreatment in air is presented. Heat-treatment of the resultant composite of magnesium carbonate/TiO 2 allows the formation of the porous magnesium titanates with narrow pore size distributions centered at the diameter of ³1¯m. The porosity of MgTi 2 O 5 /MgTiO 3 can be varied between 41 and 55% only by changing the heat-treatment temperature with almost keeping the macropore size. Thermo-mechanical analyses to determine thermal expansion coefficient are currently underway for the possible applications of these materials as mentioned in Introduction.
Using the present approach, since impregnation with different metal ions would be feasible by the employment of the corresponding metal salts, it is expected that available chemical compositions for monolithic porous materials and possible applications will be extended. 
